Introduction
Green building materials have become a major issue due to their several interesting properties. Indeed, they are cost-effective, bio-degradable and durable eco-friendly construction material that will meet the global needs of thermal rehabilitation. These composite materials consist of two or more components with natural fibers in order to obtain specific characteristics such as compressive strengths, high tensile, and reduce shrinkage and cracking. Some literature works show that it is possible to produce high performance natural fiber composite based on different matrix. Millogo et al. [1] show that the fiber size has an impact on the compressive behavior of the composite based clay matrix. Indeed with the longer fibers the thermal conductivity and the compressive strength decreases which is favorable for insulation building application. Other authors [2] have also investigate coconut fiber reinforced concrete with cement matrix for earthquake resistant housing concerns. They show also that the pullout energy increase with the increase in embedment length, rope diameter, cement and fiber content. To improve the strength and the durability of high performance concrete in aggressive environment, Ramli et al. [3] have incorporate coconut-fiber at four different contents for different exposure environment. By considering the parameters studied in this experimental investigation the researchers recommend the fiber content of 1.2% for the longterm strength. Although the application and the use of the composite are different in these examples, the addition of natural fibers has a positive effect. In the comparative study of PachecoTorgal [4] , the use of lightweight materials based natural fibers are more suitable for non-structural parts of the building like thermal insulation but this is not the only factor of sustainable development. The study include also other important factors in building sector, the materials for mitigating building cooling, materials with reduced embodied energy and materials capable of reusing a high waste content. Concerning natural fibers, some studies highlight that straw bales are excellent construction materials as well as energy efficient and even fire-resistant. Several investigations have been performed to study the effect of humidity and temperature on the one hand on thermal conductivity [5] and the other on equilibrium moisture content [6] of coating plaster used for straw bales construction. In the two cases, three different fiber types wheat straw, barley straw and wood shavings are mixed with clay and sand. The results indicate that the thermal conductivity of the coating plaster decreases with increasing fiber content and decreasing sand content. Unfortunately, the majority of works on straw bales construction is at the straw bale scale and need more accurate laboratory testing in order to understand the behavior at the level of the straw fibers. Thermal degradation and evolved species of these innovative green composites must be studied before their use in building applications. Over the last decades, thermogravimetric analysis (TGA), where changes in weight are measured as a function of increasing temperature, has been widely used in different research fields. For example the combustion behavior of different coals is investigated to understand the combustion process and evaluate the effect of their properties on its thermal and combustion behavior with the objective of the use of low-quality coals to meet the high consumption demand [7, 8] . Other researchers have studied the combustion behavior and pollutant emissions of biomass in order to evaluate the environmental impact of the biofuel production [9] or for produce and characterize the bio-oil based on thermal decomposition of cottonseed [10] . Singh et al. [11] used TGA analysis for the assessment and the characterization of volatiles components in the case of the waste incineration. TGA and DSC analysis are used also for other important research area like aerospace technology by Nna-Mvondo et al. [12] for studied thermal stability of laboratory Titan tholin. Moreover, in the building area where the research of new materials with good thermal performances to increase the thermal energy storage in buildings is very active, thermal analysis (ATG, DSC) are used to show thermal stability and determine the phase changing behavior of the cement composite with Lauryl alcohol/kaolin [13] and clay or gypsum composite with polyethylene glycol [14] . Data obtained from thermogravimetric analysis apparatus provides great insight into thermodynamic aspects of the thermal behavior of materials. In addition to mass loss, the combination of a TGA with a Mass Spectrometer (MS) allows to quantify compounds in the off-gas in real-time to provide an extremely powerful tool for the materials characterization and their interactions with environment. The description of TGA-SM apparatus and kinetic analysis of this study are given in the next section.
The main purpose of this paper is to investigate the thermal degradation, the kinetic parameters and the released gases of construction material composed of binders (lime or plaster) and cereal straw fibers (wheat or barley) at small scale. This investigation is carried out using a Thermogravimetric Analyzer coupled to a Mass Spectrometer (TGA-MS). When heated, straw composite materials could endure a thermal degradation and emit different pollutant gases. Besides their thermal insulation performance, straw composites should lead a slight loss of mass and low pollutants emission when the temperature increases. The TGA-MS measurements presented in Section 3 will permit to classify the different prepared samples according to their mass loss and pollutant gases emissions. In order to correlate the straw composites thermal degradation and released gaseous emissions to the ones of the basic components, the four basic components (binders: lime or plaster and straw fibers: wheat or barley) are preliminary studied. This research is an important step for the proposed material in relation to the technical and sanitary regulations for building application.
Material and methods

Straw-concrete preparation
The utilization of cereal straw is motivated by its large availability and its porous microstructure offering a good thermal property. It is also natural agricultural residue grown during a half or one-year period. Straw is produced in excess to requirement, so it is cheap and easily accessible. While the seed is processed for different food industries, the biomass left behind tends to be a problem. Traditionally, straw has been used for animal bedding or burned by farmers because of the storage conditions. Thus, the research program proposes a new solution of original low cost construction material for the valorization of this lost material. Before preparing the composites, a first investigation is performed on the physical properties of straw. Then, two types of straw were selected and investigated for the composite, wheat and barley fibers. In order to facilitate the molding process, short straw fibers were used. The choice of the binder type is of great importance and complexity. It must answer an easy mixer, a perfect coating of fibers, a correct molding and a final composite with good mechanical and thermal properties. In this case of study, two types of binders were selected and investigated for the composite, lime and plaster.
Four mixtures named (F 2,LW , F 2,LB , F 3,PB and F 3,PW ) are investigated in this paper. All specimens were prepared using an optimized water/binder (W/B) ratio of 1.1 and straw fibers/binder ratio of 0.2 and 0.4. The manufacture procedure was firstly investigated by Belayachi et al. [15] using different W/B and S/B ratios with the aim of finding the best compromise between thermal and mechanical performance for the insulation material. Among many mixtures tested the straw composite with low thermal conductivity and good mechanical properties is one with a W/B ratio of 1.1 for both the two types of binders (lime and plaster) and fibers (wheat and barley). The optimal S/B ratio is different for lime and plaster respectively 0.2 and 0.4. The standard procedure used for mortars giving a poor result for the composite, it was necessary to investigate on a process of mixing natural fibers with lime or plaster to obtain homogeneous samples. Briefly, it consists of a first mixture of the straw fibers with 20% of the water for 60 s, followed by the addition of the mixed binder-water and mixing for 5 min. The binder was mixed with 80% of the water prior to addition in the mixer in order to obtain a good binder/fiber mixture. Fig. 1 shows the different composite materials which are F 2,LW (wheat/lime with a S/B ratio of 0.2), F 2,LB (barley/lime with a S/B ratio of 0.2), F 3,PB (barley/plaster with a S/B ratio of 0.4) and F 3,PW (wheat/plaster with a S/B ratio of 0.4). Before the thermal degradation study, the specimens are drying in cure room at 20 C and humidity of 56% during 28 days according to the mortar procedure.
TGA-MS experiments
As indicated in the introduction, thermogravimetric analyzer coupled to a mass spectrometer (TGA-MS) is an analysis technique that permits to follow the mass loss and the released gases during the thermal degradation of a material. In this study, a Setsys 16/18 Setaram thermobalance was coupled to a Balzers QMS 200 mass spectrometer. The measurements were performed under an inert argon atmosphere. Samples of 5 mg were placed in an alumina crucible and heated from ambient temperature to 1000 C with a heating rate of 20 C/min. Volatile gases produced during the thermal degradation were transported to mass spectrometer through a heated transfer line maintained at 150 C in order to avoid their condensation. The mass spectrometer was operated at 70 eV and a scan of the m/z was performed from 1 to 150 amu. The ion curves close to the noise level were neglected and only the intensities of 16 selected ions (m/z ¼ 1, 2, 14, 16, 17, 18, 19, 27, 28, 29, 30, 32, 34, 40, 44, 45) were followed by the mass spectrometer. Among these intensities, we observed that only 3 ones (m/z ¼ 17, 18, 44) vary when the temperature increased. For different experiments, the background signal (which corresponds to the initial gas concentration in the mass spectrometer) was subtracted to the measurement. To ensure the repeatability, each experiment was carried out at least three times. Fig. 2 illustrates a picture and a schematic overview of the experimental setup.
Kinetic analysis
Depending on the type of data used, the kinetic analysis methods can be classified into two categories: model-fitting and model-free isoconversional [16] . The first class evaluates the data assuming a kinetic reaction model f(a). For this kind of approach, only one thermogravimetric measurement is necessary obtained from a single heating rate. However, some studies have demonstrated that a single analysis is typically unreliable and tends to produce kinetic parameters without relevance. Despite this lack of reliability, it is a fast method to get the possible values for the kinetic parameters [17] . Couto et al. [18] proposed a numerical model using EulerianeEulerian approach to analyze the municipal solid waste gasification. In order to take into account kinetic effects, they include the Arrhenius rate. The second class of kinetic analysis methods is a viable alternative to the first one because it requires any assumption about the analytical form of the reaction model. However, several experiments at different heating rates to evaluate the kinetic parameters are needed which is the major drawback of this type of methods. In this work, the method of Liu and Fan [19] has been chosen to determine the kinetic parameters of the different samples because it is a simple and fast method that requires only one heating rate. For sake of clarity, the principal steps of this method are detailed in the following.
First we define a reaction model f(a) as follows:
where a is the fraction of sample decomposed at time t and n is the order of the reaction. This fraction of sample, which is a mass ratio, can be written as:
with m(t) the mass evolution of the sample over time, m 0 the initial sample mass and m(t max ) the sample mass at the maximum temperature. The defined reaction model of relation (1) combined with the Arrhenius law's permit to obtain the following empirical relationship:
where A is the pre-exponential factor, E a is activation energy of reaction, R is the perfect gases constant and T is the temperature.
Introducing the heating rate b, Equation (3) becomes:
Taking logarithms of both sides of Equation (4), we obtain:
Applying the differential operator D and some mathematical rearrangements to the above equation, three following relationships can be obtained:
Using experimental sample fraction a and temperature T data from TGA curves, these equations permit to estimate the kinetic parameters of the different samples E a , n and A respectively.
Results and discussion
As indicated in the above section, the thermal decomposition of composite materials elaborated in laboratory which are dedicated to building applications as well as their basic components is investigated in this paper. Thermal degradation of the materials and the combustion of the emitted gases is a complex phenomenon which is at the origin of a fire. It is a process where several reactions occur simultaneously. Therefore, it is essential to know the thermokinetic characteristics to accurately predict the fire behavior and study the fire-resistance of materials. These parameters provide information about the fire intensity and allow the proposition of the reaction scheme in fire simulation. The pyrolysis phenomenon is modeled by means of an Arrhenius law in open-source and inhouse CFD fire codes [20, 21] . Consequently, the main interest of this work is to obtain the kinetic parameters of the materials using TGA measurement.
Pollutant gases emissions results and the kinetic parameters values of the different materials (binders, fibers and the four composite materials) are also studied in this work. Fig. 3 illustrates the mass loss (TG [%] ¼ 100 Â m(t) À m 0 /m 0 ) and its negative derivation with respect to temperature (ÀDTG[%/ C] ¼ ÀdTG/ dT) for the different straw fiber composites and their basic components. Important data in the kinetic studies are the onset temperature of degradation, temperature and mass loss of the end of the phenomenon. Regarding this Figure, it seems that the mass loss and its derivative with respect to temperature of each straw composite material are mostly influenced by the binder nature. Indeed, straw/lime composites (F 2,LB and F 2,LW ) are mainly characterized by four thermal degradation steps associated to the ÀDTG peaks reached at temperatures about: 150, 350, 520 and 750 C. The most important mass loss of these composites (about 15%) is related to the last thermal degradation step which happens in temperature range 640e810 C. Straw/ plaster composites (F 3,PB and F 3,PW ) are principally characterized by three thermal decomposition stages related to the ÀDTG peaks achieved at temperatures about: 170, 380 and 490 C and the highest mass loss value (about 15%) occurs in temperature interval of 330e430 C. Concerning the basic materials, it is clear that straws present similar thermal degradation behavior which reveals two main steps in the two temperature ranges 220e320 C and 320e420 C. The mass loss of the first decomposition step is about 2.5 times more important than the one of the second step. Both types of straw (barley and wheat) contain a high percentage of cellulose which in component with the most material capable of being emitted as gases in the first step of the degradation process where the mass loss is important. The obtained results of wheat and barley straws are in good agreement with those of Ergüdenler and Ghaly [22] and Wang et al. [23] . The thermal decomposition behavior of lime is very different to the one of plaster. In fact, it is characterized by two degradation steps in the temperature intervals of 400e450 C and 550e750 C whereas the mass loss of plaster presents only one main thermal decomposition step in the temperature range 100e200 C. Although there are very few data on binders in the literature, Gonzalez et al. [24] studied the thermal behavior of plaster with polyurethane foam wastes and obtain a similar TG curve. Their work highlights that the principal mass loss is associated to water molecules coming from CaSO 4 $2H 2 O decomposition. To finish the Figure discussion, it is clear that the most significant mass loss of straw/lime composites is originally from the second ÀDTG lime peak whereas the main mass loss of plaster is correlated to the first peak of straw/plaster materials. Profiles of TGA curves show an important mass loss for composite based plaster than one based lime mixed with barley or wheat for the last step of degradation. Despite that the cellulosic material shows a significant mass loss during the first stage of the thermal degradation, the composite shows a reverse manner to decompose. The binder plays a role in delaying the char formation in the composite.
Mass spectrometer results of basic and composite materials are given in Table 1 . This Table shows three species ion current percentages (m/z ¼ 14, 28, 32) higher than 5% wt. and not vary when temperature increase. It is evident regarding the different values that the most important released molecules are m/z ¼ 28 (about 70%) followed by m/z ¼ 32 (about 15%) after that m/z ¼ 14 (about 5e9%). It's also noticed that this behavior is the same for basic and composites materials. The last column of Table 1 presents ion current percentages of the other species. Among these molecules, only three of them with m/z ¼ 17, 18 and 44 have variations of ion current as function of temperature. Fig. 4 illustrates the ion current evolution of these three species versus temperature for different straw/binder composites and their basic materials. This Figure reveals that the ion current values of molecules with m/z ¼ 18 (which can be corresponded to H 2 O) are about 4 times higher than the ones of m/z ¼ 17 (which can be attributed to OH or/ and NH 3 ) for the different materials. The ion current values evolution of species with m/z ¼ 17, 18 and 44 (which can be assigned to CO 2 and/or C 3 H 8 ) as function with temperature has the same behavior for the different straw fiber composites. This behavior is characterized by an important decrease of ion current of F 2,LW and slight variations of the other straw/binder composites when temperature increased. For basic materials, the ion currents related to m/z ¼ 17 and 18 have the same tendency which can be described by an ion current decreased with increasing temperature. Nevertheless, the ion current evolutions of the molecules (m/z ¼ 44) released by straws are characterized by two peaks (at 200 and 300 C) whereas those emitted by binders present mild variations of ion currents.
The last part of this section deals with the kinetic parameters of basic and straw fiber composites. Table 2 presents the activation energy E a and the order of reaction n as well as the preexponential factor A for wheat, barley, lime, plaster and straw/ binder composites. These kinetic parameters are evaluated for the more significant mass loss associated to the different samples. Regarding this Table, we can notice that the activation energy value of barley is about 1.5 times more important than the one wheat. The same observation can be found in the straw/plaster composite materials. These composites have activation energy values 2e3 times smaller than the ones of straw/lime materials. The lime binder presents an energy activation value in order of magnitude of the ones of straw/lime composites (about 60 kJ/mol) whereas plaster has the lowest value (8.29 kJ/mol). . The results show that the activation energy of lime is hardly changed by adding wheat and barley, conversely, plaster shows a significant increase of this energy with the addition of straw. We can say that the chemical reaction will be faster for the plaster composite than the lime one.
In summary, this work represents initial work into thermal degradation and the immediate continuity is underway to take into account these kinetic parameters for the fire prediction of the elaborated straw composite.
Conclusion
In this paper, we have elaborated four composite materials by means of two straws and binders. For construction applications, these innovative composites are good candidates for the thermal insulation. The thermal degradation and the mass spectrometer analysis as well as the kinetic parameters determination have been studied. Obtained results exhibit that there are differences between the thermal behaviors the straw/lime materials and the ones of straw/plaster composites. These differences are materialized by the number of mass loss steps, their percentages and their temperature ranges. The analysis of the pyrolysis products shows that the main chemical group emitted by these composites and their basic materials is characterized by a m/z ¼ 28 ratio with a percentage of about 70%. In the future, we will extend this work to a large range of this composite materials varying straw/binder ratio. The behavior of the prepared composites submitted to different flame retardants will be also investigated. A numerical investigation is underway for the prediction of fire behavior of insulation materials by using the kinetic parameters determined in this study. 
